Supersonic impinging jets, such as those occurring in the next
INTRODUCTION
An understanding of the impinging jet flow field is necessary for the design of efficient Short Take-off and Vertical Landing (STOVL) aircraft. In STOVL aircraft during hover mode, when the aircraft is in close proximity to the ground, the lift force is produced by the downward-pointing lift jets which produce highspeed, hot flow that impinges on the landing surface. It is well known that, under this configuration, several flow-induced effects can emerge, which substantially diminish the performance of the aircraft. In particular, a significant lift loss can be induced due to flow entrainment by the lifting jets from the ambient environment near the airframe. Other adverse phenomena include severe ground erosion on the landing surface and Hot Gas Ingestion (HGI) into the engine inlets. In addition, the impinging flow field usually generates significantly higher noise levels relative to that of a free jet operating under similar conditions. Increased Over All Sound Pressure Levels (OASPL) associated with high speed impinging jets can pose an environment pollution problem and affect the integrity of structural elements in the vicinity of the nozzle exhaust due to acoustic loading. Moreover, the noise and highly unsteady pressure fields are frequently dominated by high-amplitude discrete tones, which could match the resonant frequencies of the aircraft panels, making the sonic fatigue problem more critical.
These problems become more pronounced for supersonic impinging jets, the operating regime of the STOVL version of the future JSF fighter. The presence of multiple impinging jets can potentially further aggravate these effects due to the strong coupling between the jets and the emergence of an upward-moving fountain flow flowing opposite to the lift jets, toward the aircraft. A schematic of a generic STOVL aircraft with multiple lift/impinging jets is shown in figure 1 where various regions where these problems might occur are indicated.
It is evident that these effects need to be controlled to minimize their adverse influence on aircraft performance. In order to devise an effective control scheme to eliminate these undesired characteristics one must have a fundamental understanding of the physical mechanisms governing these flows.
The acoustic properties of single supersonic impinging jet flow field have been investigated by a number of researchers, including Powell (1953 & 1988) , Neuwerth (1974) and Tam (1990) . These early studies conclusively demonstrated that the unsteady characteristics of the impinging jets are dominated by the presence of discrete impingement tones. These highamplitude tones are generated by highly coherent instability waves due to the emergence of a self-sustained feedback loop. For a detailed discussion of the feedback mechanism, the reader is referred to the above articles; very briefly, upon impingement on the wall the large vortical structures will generate coherent pressure fluctuations, which result in acoustic waves of significant intensity. These acoustic waves travel through the ambient medium and, upon reaching the nozzle (a region of high receptivity), excite the shear layer of the jet. This leads to the generation of a new set of enhanced instability waves thus closing the feedback loop. Donaldson & Snedeker (1971) and Carling & Hunt (1974) and Lamont and Hunt (1980) , among others, have examined the flow properties of the impinging jet flows. These studies mainly emphasized the mean properties of this flow with most of the measurements limited to mean surface properties, such as the pressure distributions on the impingement surface. Recently, Krothapalli et al. (1999) conducted an extensive investigation to provide a better understanding of the physics governing some of the mean and unsteady properties of such flows. One of the main findings of their work was the intimate connection between the discrete impinging tones and the highly unsteady, oscillatory behavior of the impinging jet column. They demonstrated that, through the generation of large-scale structures in the jet shear layer, the feedback phenomenon might also be responsible for lift loss on surfaces in the vicinity of the nozzle. These structures induce higher entrainment velocities that lead to lower surface pressures in the jet vicinity and, consequently, a significant loss in lift.
In a companion study, Alvi & Iyer (1999) noted the emergence of discrete peaks in the spectra of the unsteady surface pressures, which match the impinging tone frequencies in the near-field acoustic measurements. This suggests that these feedback loop-driven flow instabilities are also responsible for the unsteady loads on the ground plane. In some cases these unsteady loads were measured to be as high as 190 dB, which coupled with the high temperatures associated with lifting jets, can further aggravate the ground erosion problem.
Control of the Feedback Loop
Based on the above discussion, it is apparent that, to effectively eliminate these undesirable effects of the impinging jet flows, such as lift loss, unsteady loads and increased noise; one must reduce the highly unsteady behavior of the impinging flow by weakening the feedback loop. There are several potential possibilities for achieving optimal control of this flow, as follows: (1) Intercept the upstream propagating acoustic waves so that they can not complete the feedback loop, and/or by (2) Manipulate the shear layer (for example, increase its thickness) near the nozzle lip hence reducing its receptivity to the acoustic disturbances and/or by (3) exciting the nozzle shear layer using pulsating high energy sources to disrupt the coherent interaction between the flow instabilities and the acoustic field.
Based on these concepts, a few attempts have been made in the past to suppress the feedback mechanism. For instance, Karamcheti et al. (1969) successfully suppressed edge tones in low speed flows, which are governed by a similar feedback mechanism, by placing two plates normal to the centerline of the jet. Motivated by their work, Elavarasan et al. (2000) employed a similar technique to attenuate the feedback loop in an impinging jet flow by introducing a control plate near the nozzle exit.
In this way, they were able to intercept the upstream propagating acoustic waves to disrupt the feedback loop, hence weakening the formation of large-scale structures in the jet flow. This passive control approach resulted in a maximum recovery of about 16% of the lift loss when relative to an uncontrolled impinging jet for some ground plane height. They also reported a reduction of about 6-7 dB in the nearfield OASPL. Glass (1968) and Poldervaart et al. (1976) used similar passive control techniques with limited success. Although passive control techniques have shown promising results, any significant performance gains were confined to a limited range of operating conditions, especially for impinging jets. This is due to the fact that a relatively small change in the nozzle-to-ground separation (h/d) can lead to a significant change in the magnitude and frequency of the tones that are responsible for the undesired flow unsteadiness (Alvi & Iyer, 1999) . Therefore, any efficient control technique aimed at suppressing the feedback loop must be 'active' and capable of adapting to the shift in frequencies/wavelengths of the modes that lock on to the feedback loop.
Sheplak and Spina (1994) used a highspeed co-flow to shield the main jet from the near field acoustic disturbances. For a suitable ratio of the main jet and co-flow exit velocity, they measured a reduction of 10-15 dB in the near-field broadband noise level in addition to the suppression of impinging tones. Although their technique was effective, high mass flow rates of the co-flowing jet, a minimum of 20%-25% of the main jet mass flux, were required to achieve this reduction. Shih et al. (1999) used counterflow near the nozzle exit to successfully suppress screech-tones of non-ideally expanded jets. They were also able to obtain modest reductions in OASPL, approximately 3-4 dB while enhancing the mixing of the primary jet. However, these active control schemes require additional design modifications and/or high operating power rendering them impractical for implementation in aircraft.
Present Control Approach
In the present program, we are proposing the implementation of a control-ondemand strategy using Micro Electro
Mechanical Systems (MEMS) technology. The MEMS technology has received worldwide attention only since 1980. This relatively new technology is derived from the microelectronics industry, which first revolutionized the micromanufacturing process in 1950. These systems provide many advantages over the traditional macro-scale mechanical systems. For example, they can be produced in massive quantity to lower the unit production cost and be strategically distributed for optimal control. Moreover, their compatibility to the electronics processing makes they the perfect candidates for the integrated sensor/actuator active control system. Above all, their extremely small sizes allow these systems to be operated in places where traditional systems cannot work due to either space limitation or a lack of system response. Consequently, MEMS based supersonic microjets/valves will first be used to provide controlled, high-energy perturbations to the main flow to achieve flow control. Second, control detection logic circuit, consisting of MEMS-based and other traditional temperature/pressure sensors, will be integrated with the microjets. The proposed control system has the advantage that, depending upon the operating conditions, optimal flow control can be achieved by activating the supersonic microjets with the appropriate magnitude/frequency and at the desired time instants (phases). In contrast to the traditional passive control methods, the proposed controlon-demand system can be switched on and off strategically. Therefore, it will not degrade the operational performance of the aircraft when it is not needed.
The very small size of the sensor/actuator hardware and the minimal mass flow rates requires minimal power consumption and is expected to result in negligible thrust loss of the primary jet.
In the present experiments, microjets were made using 400 µm diameter stainless tubes. This system is used for this initial study due to its lower cost and easier implementation compared to a MEMS-fabricated system. A true MEMS-based microjet system, integrated with sensor detection unit, is currently being designed to be applied in subsequent studies. A total of 16 supersonic microjets distributed around the nozzle exit (Fig. 3a) were used. The presence of these supersonic micro-flow streams can be important for the interception of the upstream propagating acoustic disturbances. Furthermore, these high momentum jets can provide spatial/temporal distortions to the coherent shear-layer instabilities thus disrupting their interactions with the acoustic field. A more detailed description of the microjet hardware will be provided in the experimental setup section.
The influence of the control strategy on the flow behavior was studied using flow visualization, microphone measurements and mean and unsteady surface pressure measurements.
Finally, it should be noted that, the purpose of this study is not to perform a systematic, exhaustive investigation of the microjet system necessary to achieve optimal control over a large parametric space. Rather, in this proof-of-concept study, our aim is to examine the feasibility and potential benefits of using microjets to alleviate the adverse effects of the supersonic impinging jet flowfield. As the results presented in this paper illustrate, there is convincing evidence that the proposed control strategy appears very promising as a means of effectively controlling supersonic impinging jet flow fields.
EXPERIMENTAL HARDWARE & PROCEDURES
The experiments were carried out at the STOVL supersonic jet facility of the Fluid Mechanics Research Laboratory (FMRL) located at the Florida State University. A schematic of the facility with a single impinging jet is shown in Fig. 2 . This facility is used primarily to study the jet-induced phenomenon on STOVL aircraft hovering in and out of ground effect. Facility details can be found in Wardwell (1993) and Krothapalli et al. (1999) ; only a very brief description is provided here.
The measurements were carried using a shock free, nearly ideally expanded jet issuing from a convergent-divergent (C-D) axisymmetric nozzle. The throat and exit diameters (d, d e ) of the nozzle are 2.54cm and 2.75cm. The divergent part of the nozzle is a straight-walled conic section with a 3 0 divergence angle from the throat to the nozzle exit. The nozzle was designed for an exit Mach number of 1.5 and operated at a Nozzle Pressure Ratio (NPR, where NPR = stagnation pressure/ambient pressure) of 3.7 to produce an ideally expanded impinging jet. A circular plate of diameter D (25.4 cm~10d) was flush mounted with the nozzle exit.
The circular plate, henceforth referred to as the 'lift plate', represents a generic aircraft planform and has a central hole, equal to the nozzle exit diameter, through which the jet is issued. A 1m x 1m x 25mm aluminum plate serves as the ground plane and is mounted directly under the nozzle. The ground plate was mounted on a hydraulic lift (see Fig. 2 ).
The flow induced lift forces were estimated by measuring the mean pressure distribution on the lift plate.
This was accomplished by using the 17 pressure taps arranged along a radial line on the lift plate. The pressure measurements were obtained by scanning the static pressure ports using a Scanivalve ™ connected to a Validyne ™ strain gauge transducer. In addition to the mean pressure taps, a high frequency response miniature Kulite ™ pressure transducer was also mounted on the lift plate at a distance of about 35 mm from the nozzle lip. This transducer was used to measure the unsteady pressure loads on the lift plate. The unsteady pressure field created by the jet impingement on ground plane was measured with two additional high frequency Kulite ™ pressure transducers (model-XCQ-062), one at the impinging point on the jet centerline and the other 25cm away from the centerline.
The near field acoustic measurements were made using a 0.635cm diameter B&K microphone placed at 25 cm away from the nozzle exit oriented 90 0 to the jet axis. The microphone signal and the lift plate surface pressures were acquired through National Instruments digital data acquisition cards using Lab View ™ software. In order to minimize sound reflections during the near-field acoustic measurements, near-by exposed metal surfaces were covered with 10 cm thick acoustic foam.
Flow was visualized using a conventional single-pass shadowgraph arrangement. A stroboscopic flash unit with variable pulse frequency of up to 1kHz was used as light source. The main controlling parameter in the experiment was the ground plate height h with respect to the nozzle exit, which was varied from 2d to 60d. As stated earlier, the experiments were conducted at NPR=3.7, which corresponds to a nearly ideally expanded primary jet flow. The jet stagnation temperature was maintained at 20 o C ± 2 o C. The nominal exit Reynolds number at exit of the nozzle was about 7x10 5 (based on exit velocity and nozzle diameter).
Active flow control was implemented using sixteen microjets, flush mounted circumferentially around the main jet as shown in the Fig. 3a . The jets were produced using 400 µm diameter stainless tubes, mounted on the lift plate with an inclination of ~ 20 o with respect to the main jet axis. The supply for the micro jets was provided from a compressed air cylinder through a main and four secondary plenum chambers (Fig. 3b) . The secondary plenum chambers ensured that the flow coming out of the micro jets were free of any unsteadiness. The microjets were connected to the secondary plenum chamber through four solenoidcontrolled valves in such a way that any four microjets can be controlled (on/off) individually. The microjets were operated at an NPR ≈ 7. At this operating condition the combined mass flow rate of the microjet was less than 0.5 % of the primary jet mass flux. Fig. 4 shows instantaneous shadowgraph images of the impinging jet flowfield at h/d = 4.5 with and without control. Although both cases are shown here, a discussion of the effect of control is delayed until the next sub-section. The uncontrolled case, i.e. microjets off, in Fig.  4a clearly shows the presence of multiple, strong, acoustic waves. These waves signify the presence of impinging tones and, as seen in the image, they impinge and reflect from nearby surfaces − represented by the lift plate in the present case. Concomitant with the appearance of the acoustic waves is the emergence of largescale structures in the jet shear layer, an example of which has been marked in Fig. 4a . As discussed in the introduction, such large-scale structures, not normally observed in high-speed jets, significantly increase jet entrainment velocities (Elavarasan et al., 2000) leading to lift loss.
DISCUSSION OF RESULTS Impinging Jet Without Control
Narrowband spectra for nearfield microphone, unsteady lift plate and ground plane pressures (using the Kulite on the jet centerline on the ground plane) are shown for h/d = 3 and 4.5 in Figs. 5 and 6 , respectively. (In these, as in all subsequent similar plots, the fluctuating pressures have been expressed in decibels, dB, using a 20 µPa reference). One of the most significant features in both plots is the presence of discrete, high amplitudes, multiple peaks that are indicative of impingement tones due to the feedback loop.
An examination of the microphone and unsteady pressure data for a fixed height reveals that the resonant tones occur at identical frequencies for all three transducer locations. This indicates the global nature of the flow unsteadiness generated by the feedback loop. A comparison of spectra for h/d = 3 with h/d = 4.5, i.e. Fig. 5 and Fig. 6 , shows that the frequencies at which these tones occur changes with nozzle height. Although not shown here, a similar shift in frequencies is also observed with respect to NPR. The change in the tonal nature of the unsteady flowfield suggests that an efficient control technique must be able to adapt to the changes in the feedback loop for effective control.
The intensity of the unsteady pressure fluctuations (P rms ) on the lift and ground planes and the nearfield noise as a function of ground plane height is shown in the OASPL plot in Fig.  7 . As expected, the rms pressure levels on the ground plane were the highest in magnitude, 180 -185 dB, followed by significant unsteady loads on the lift plate, in the 160-165 dB range. Lift loss variation with height can be seen in Fig. 8 which shows lift loss behavior without control (open symbols) and with microjet control (filled symbols). This plot, where the negative lift force is normalized by the primary jet thrust, illustrates the substantial lift loss, as high 60% for small heights, which can occur due to an impinging jet flow. The plot also shows that, at least in terms of lift loss, ground effects become negligible for h/d > 9.
Impinging Jet With Microjet Control
In light of the detrimental effects of the feedback loop, which leads to a globally unsteady flowfield, an attempt to disrupt this feedback was made with the hope of alleviating some of these unwanted properties. In this study, flow control was applied by simply activating the supersonic microjets placed at the nozzle exit.
It was anticipated that the penetration of the microjets into the primary jet shear layer at the nozzle exit would sufficiently modify the shear layer stability characteristics to disrupt the feedback loop. In addition, as previously mentioned, the interruption of the feedback loop could also occur due to the partial shielding of the acoustic waves by the microjet streams, which may disrupt the spatial coherence of the interaction between the acoustic and instability waves. Fig. 9 shows a representative schlieren image of one of the 400µm microjets used to control the feedback loop. The micorjet is operating at a pressure of approximately 110 psia and the flow is clearly supersonic as demonstrated by the characteristic periodic shock-cell structure observed in much larger supersonic jets. In fact, judging from the presence of the shock cells, the supersonic core of the jet extends at least 10-12 jet diameters downstream of the nozzle exit. Given the high momentum associated with the supersonic microjet and the large supersonic core length, it is anticipated that they will serve as effective 'actuators' capable of penetrating the primary jet shear layer and modifying its properties. Before presenting the results of microjet flow control we note that in the present study no attempt was made to actively modulate or manipulate the microjets based on the local flow conditions. The results shown here only compare the relevant properties with and without the microjets operational.
A comparison of the instantaneous shadowgraphs without control, Fig. 4a , to that with control, Fig. 4b , shows the dramatic effect of actuating the microjets. First, the strong acoustic waves present for the uncontrolled case have been eliminated when the microjets are activated. Furthermore, the large-scale shearlayer structures readily visible in Fig. 4a have also been significantly reduced, if not entirely eliminated in Fig. 4b . Given the striking effect of the microjets observed in shadowgraphs one expects the unsteady flow properties to be similarly influenced. This is the case as seen in the near field narrow band frequency spectra shown in Fig. 10 for h/d = 4.5. Here Fig. 10a  and 10b show the ground and lift plate unsteady pressures, respectively while Fig. 10c shows the nearfield microphone spectrum. Upon comparing the control data (solid lines) to the uncontrolled case (dashed lines), one observes that the distinct tones present in the uncontrolled impinging jet are either entirely eliminated or significantly diminished in amplitude by the activation of microjets. In addition, a broadband reduction in the spectral amplitudes is also observed for all three plots suggesting a decline in the unsteady pressure loads and the nearfield noise.
A plot of the overall unsteady pressure levels (P rms ) on the lift plate at different heights and the influence of microjet control at each location are shown in Fig. 11 . This figure plainly shows that the fluctuating loads on the lift plate are reduced with the activation of microjet control. However, the magnitude of reduction is strongly dependent upon h/d, the ground plane distance. Whereas a very substantial reduction of more than 10 dB is achieved at h/d = 4.5, the unsteady loads are only reduced by 2 dB or so at h/d = 3.5. This indicates that the control technique is not equally efficient at all heights presumably because it does not track changes in the feedback loop due to a variation in h/d. The reductions in the overall unsteady pressures and noise levels on the lift and ground plane and for the nearfield microphone measurement are summarized in Fig. 12 . Similar to the behavior observed in Fig. 11 , the reductions in flow unsteadiness due to microjet control are strongly dependant on the ground plane height. However, the overall trends for all three measurements are very similar with the greatest reductions achieved at h/d = 3 and 4.5. Once again, the non-monotonic influence of control suggests that efficient control of this flow requires an adaptive control approach where the microjets can be actively manipulated to provide optimal control at all heights.
Finally, we present the effect of microjets on the lift loss behavior of this flow. Since, as discussed in the introduction, the loss in lift is due to the low pressures created on the underside of the airframe by the large-scale structures.
It is logical to assume that elimination or reduction of these structures, as seen in Fig. 4b , should lead to a reduction in lift loss. The effect of microjet control on the lift plate surface pressure distribution at two different heights is shown in Fig. 13 . At both heights, the activation of microjets leads to an increase in the surface pressures, i.e. lower vacuum/suction pressures on the lower surfaces of the airframe. The increase in the surface pressures is very dramatic at h/d =2 while, although still measurable, the increase is less significant at h/d = 4.5. This reduction in vacuum pressures on the lift plate translates to a reduction in lift loss as seen in Fig. 8. A comparison of the open symbols to filled symbols in Fig. 8 shows that in presence of flow control, the maximum lift loss recovery occurs for small heights with the influence becoming less significant for larger heights. This behavior is expected and desirable since the largest losses in lift also occur for small separations. Fig. 14 summarizes the lift loss recovery variation with h/d. Similar to trends observed in the influence of microjets on unsteady pressures and noise, e.g. Figs. 11 and 12, this plot confirms that control effectiveness varies with h/d again. This reinforces the notion that an adaptive control strategy is necessary to achieve optimal performance at all operating conditions.
CONCLUDING REMARKS
Previous investigators have unequivocally established the intimate connection between the fluid dynamic and acoustic properties of the impinging jet flowfield, an interaction that occurs through a feedback loop. The occurrence of this feedback loop was also hypothesized to be responsible for a number of performance diminishing effects for STOVL aircraft (Krothapalli et al., 1999) .
The objective of this research program is to develop a practical control strategy to enhance the STOVL aircraft performance under realistic operating conditions. In this paper we explored a novel control technique utilizing supersonic microjets to disrupt the feedback mechanism in supersonic impinging jet flows. The disruption of this feedback mechanism through this control technique resulted in significant performance gains relative to the uncontrolled case. Lift loss was substantially reduced, by as much as 40%, accompanied by a 10-11 dB reduction in the fluctuating pressure loads on the lift and ground surfaces. Similarly, the overall noise levels were substantially reduced and the discrete, highamplitude impinging tones ubiquitous in such flows were either eliminated or significantly attenuated.
However, the performance enhancements due to microjet control were not uniform over the entire parametric space. We believe this is due to the fact that the microjets are used in a 'passive' mode. Due to the dynamic nature of this flow, the properties of the flow-acoustic interactions change with operating conditions. Hence, an optimal control technique must be able to adapt to these changes. We are presently exploring ways of actively manipulating the supersonic microjets to respond to the changing environment.
We are also developing ondemand control methods using integrated sensors and supersonic microjet actuators. In future studies, these control techniques will be implemented in more realistic planform geometries utilizing single and dual impinging jets.
